Abstract Currently, there are 1.0 million annual hospital discharges for acute heart failure (AHF). The total cost of heart failure (HF) care in the United States is projected to increase to $53 billion in 2030, with the majority of costs (80 %) related to AHF hospitalizations. Approximately 50 % of AHF episodes occur in patients with preserved ejection fraction (HFpEF). There is a dearth of evidence-based guidelines for the management of AHF in HFpEF patients. Here, we briefly review the epidemiology, pathophysiology, and treatment of AHF patients with HFpEF.
Introduction
An estimated 5.8 million Americans have heart failure (HF), and this is expected to increase to 8.5 million by 2030 [1••] . Acute HF (AHF) is defined as a gradual or rapid change in HF symptoms resulting in a need for urgent therapy and can occur in patients without previously recognized HF, in patients with chronic HF ("acute on chronic HF"), and in patients with advanced end-stage (Stage D) chronic HF [2, 3] . Currently, there are 1.0 million annual hospital discharges for HF [4] . The total cost of HF care in the United States is currently estimated at $21 billion and is projected to increase to $53 billion in 2030, with the majority of costs (80 %) related to AHF hospitalizations [1••] .
Observational and registry studies, as well as randomized clinical trials, in AHF have established that a substantial portion of patients with AHF have HF with preserved ejection fraction (HFpEF) ( Table 1) . Here, we review the characteristics of these patients in contrast to AHF patients with reduced EF (HFrEF) and discuss whether unique AHF therapies are needed in AHF patients with HFpEF.
Unique Demographic and Clinical Characteristics of AHF Patients with HFpEF
The demographic features and clinical characteristics of AHF patients with preserved or reduced EF have been reported in observational studies and registries and, to a more limited extent, in randomized clinical trials (RCTs) conducted in AHF.
The prevalence of HFpEF in AHF cohorts varies but, in general, is 40 %-50 %, depending on the era, study setting, and EF value used to define HFpEF (Table 1) [5••, 6-10] . Importantly, among 6,076 consecutive AHF admissions at Mayo Clinic Hospitals from 1987 to 2001, the prevalence of HFpEF among AHF patients increased over time, increasing from 38 % in the first 5 years to 54 % in the final 5 years of the study. The prevalence of HFpEF among AHF patients was higher in community (55 %) than in referral (45 %) patients. While survival after admission for AHF improved over the study period in AHF patients with HFrEF, no such improvement was observed in AHF patients with HFpEF
As compared with AHF patients with HFrEF, those with HFpEF are older, more obese, and more likely to be female ( Table 1 ). The prevalence of hypertension, atrial fibrillation (AF), and anemia is higher in HFpEF than in HFrEF, while the prevalence of renal dysfunction and diabetes is similar. Coronary disease is less common in patients with HFpEF. In general, blood pressure is higher in HFpEF than in HFrEF, but signs and symptoms of volume overload are similar (Table 1) .
Most RCTs of AHF therapies have restricted enrollment to patients with HFrEF. However, RCTs of vasodilators (ASCEND, nesiritide; RELAX, serelaxin), ultrafiltration (UNLOAD and CARRESS-HF), and diuretic dosing strategies (DOSE) have not restricted enrollment according to EF, and in these studies, 20 %-30 % of AHF patients had HFpEF (variably defined as AHF with EF >40 % or >50 %). Only the diuretic dosing study (DOSE) [11••] presented characteristics of patients according to EF [12] , and differences between AHF patients with HFpEF or HFrEF in DOSE were consistent with differences observed in observational and registry studies (Table 1) . It is well recognized that patients enrolled in RCTs differ significantly from those in observational studies or registries, and one of these differences in RCTs of AHF patients is a lower prevalence of HFpEF [13] .
Biomarkers in AHF Patients with HFpEF
Biomarkers are often measured in AHF studies and provide pathophysiologic, diagnostic, and prognostic information. Circulating levels of natriuretic peptides such as B-type natriuretic peptide (BNP) or the N-terminal fragment of pro-BNP (NT-proBNP) are used to exclude the diagnosis of HF in acutely dyspneic patients, and in AHF patients, BNP levels correspond with congestion severity and prognosis [14, 15] . However, multiple studies have shown that BNP levels are lower in AHF patients with HFpEF than in those with HFrEF despite similar HF severity [12, 16, 17] .
HFpEF patients are, on average, more obese than HFrEF patients, and even in normal persons, obesity is associated with lower BNP levels [5••, 6-10, 18] . Ventricular wall stress is the stimulus for BNP production and is directly related to intraventricular pressures and left-ventricular (LV) radius and inversely related to LV wall thickness. Since HFpEF patients have smaller LV diameter and thicker walls than do HFrEF patients, their wall stress and, thus, their BNP levels are lower [19•] .
Fewer studies have compared other biomarkers in AHF patients with preserved or reduced EF. In the DOSE trial [12] , AHF patients with HFpEF had lower NT-proBNP levels than did HFrEF patients, consistent with previous studies. However, biomarkers reflecting renin-angiotensinaldosterone system (RAAS) activation (plasma renin activity and serum aldosterone levels) were similarly elevated in HFpEF and HFrEF, despite less use of RAAS inhibitors in HFpEF, suggesting, that at least in AHF, there is similar activation of the RAAS system in both HF types. Uric acid, a marker of inflammation, and NT-procollagen III, a marker of increased collagen turnover, were elevated above normal range and to the same extent in both HFpEF and HFrEF. In a large multicenter AHF registry, patients with HFpEF had lower troponin than did patients with HFrEF, suggesting less ongoing myocardial necrosis [17] . 
Outcomes in AHF Patients with HFpEF
In observational and registry studies, short-and long-term mortality following AHF hospitalization for AHF is slightly better for HFpEF than for HFrEF [5••, 7-9, 17] . In a Canadian study of 2,802 patients with incident AHF, 30-day and 1-year mortality rates were not different between HFpEF and HFrEF [7] . In the Mayo Clinic study, survival rates (median follow-up 10 years) were marginally better in HFpEF, with mortality rates of 29 % and 32 % at 1 year and 65 % and 68 % at 5 years for HFpEF and HFrEF, respectively [5••] . In the ADHERE AHF registry, mortality for patients with HFpEF during hospitalization was lower (2.8 % vs. 3.9 % in HFrEF); ICU admission rate was lower (19 % vs. 25 % for HFrEF), while length of hospital stay was similar (4.9 vs. 5.0 days for HFrEF) [8] . In the OPTIMIZE-HF registry, in-hospital mortality was lower among HFpEF patients (2.9 % vs. 3.9 % for HFrEF); postdischarge mortality up to 3 months (9.8 % vs. 9.5 %) and rehospitalization (30 % vs. 31 %) rates were similar with HFrEF [9] . In the Get With the Guidelines AHF Registry, in-hospital mortality was similar in patients with HFpEF (2.5 %) and HFrEF (2.7 %) [17] .
Pathophysiology of HFpEF
The pathophysiologic features of HFpEF include resting diastolic dysfunction and impaired diastolic reserve, subtle resting contractile dysfunction (despite normal EF) and impaired systolic reserve, increased ventricular systolic stiffness, increased vascular stiffness, endothelial dysfunction, impaired vasodilatory reserve, chronotropic incompetence, and neurohumoral activation [20, 21] . Patients with HF develop pulmonary hypertension (PH) due to chronic pulmonary venous and variable reactive pulmonary arterial hypertension, and among HF patients, PH is as common in HFpEF as in HFrEF [22, 23] , and RV dysfunction is present in at least 25 % of patients with HFpEF [24] . As in HFrEF, both intrinsic kidney disease and HF-related impairment in kidney function play prominent roles in HFpEF pathophysiology [25] .
Pathophysiology of AHF
As was previously reviewed, the pathophysiology of AHF is diverse and suboptimally characterized [2, 3] , but the pathophysiologic features include congestion (elevated right and left atrial pressures), impaired myocardial function (decreased cardiac output and hypotension), and increased load (elevated blood pressure or systemic vascular resistance). Ongoing myocardial injury is thought to play a role in AHF pathophysiology as troponin levels are increased in the absence of critical epicardial coronary disease, but the mechanism of myocardial necrosis in HF is not well characterized. Activation of the RAAS is present in AHF and contributes to vasoconstriction, renal dysfunction, and, potentially, myocardial necrosis. Activation of inflammation and oxidative stress pathways may be enhanced in AHF. Intrinsic kidney disease and renal dysfunction due to acute and chronic hypoperfusion or venous congestion related to HF play a key role in the pathophysiology of AHF. Arrhythmias are recognized precipitants of AHF and, particularly, recent onset AF with tachycardia, heart rate irregularity, and loss of filling due to atrial contraction. Comorbidities variably influence the pathophysiology of AHF.
Targets for Therapy in AHF Patients with HFpEF
While many of the therapeutic approaches to AHF are applied without regard to EF, the demographic features, clinical characteristics, and pathophysiologic mechanisms unique to AHF patients with HFpEF suggest that response to some standard AHF therapies may differ in HFpEF and that unique therapies for AHF patients with HFpEF may be needed.
Congestion Relief in HFpEF Patients with AHF
In the ADHERE AHF registry, as compared with patients with HFrEF, patients with HFpEF were slightly more likely to receive intravenous diuretic therapy during the AHF hospitalization but had similar weight loss and a similar prevalence of symptom relief at discharge [8] . In the OPTIMIZE-HF registry, HFpEF patients had slightly less weight loss but slightly more symptomatic improvement than did AHF patients with HFrEF [9] . When a patient with congestion fails to respond, the dose of loop diuretic is increased, or a thiazide is added [26, 27] . When these measures fail to relieve congestion, ultrafiltration or other renal replacement approaches may be considered. The two larger RCT trials of ultrafiltration in AHF (UNLOAD and CARRESS-HF) included AHF patients with HFpEF but did not report on potential differences in response to ultrafiltration in HFpEF versus HFrEF [28, 29] . In a single-center cohort study, Jeffries et al. compared response to ultrafiltration in AHF patients with HFpEF and HFrEF and found no difference in weight loss, electrolyte perturbations, or in-hospital mortality with ultrafiltration in the two types of HF [30] .
Thus, the limited data available suggest that HFpEF patients respond to standard decongestive therapies in a manner similar to AHF patients with HFrEF.
Vasodilator Therapy in HFpEF Patients with AHF In AHF, increased vascular and LV stiffness may exacerbate acute pulmonary congestion by redistributing fluid to the more compliant pulmonary venous bed [31] . Systemic hypertension is common in HFpEF patients with AHF and may predispose to such redistribution and to load-induced worsening of systolic and diastolic function and mitral regurgitation. Thus, as outlined in current guidelines [26] , control of elevated blood pressure is an important treatment goal in the treatment of HFpEF (and HFrEF) patients presenting with AHF.
In general, HFpEF patients with AHF have higher systolic blood pressure than do HFrEF patients ( Table 1 ). The prevalence of marked systolic hypertension in AHF varies by care setting and, in some settings, is more common and more prevalent in AHF with HFpEF [32•]. While parental vasodilator therapy is an important treatment strategy in AHF patients with elevated blood pressure, the unique pathophysiology present in HFpEF warrants consideration when initiating and monitoring vasodilator therapy.
Schwartzenberg et al. studied HF patients referred for rightheart catheterization and noted a distinctly different response to acute intravenous vasodilator therapy in HFpEF and HFrEF patients (Fig. 1) [32•]. HFpEF patients had higher blood pressure and stroke volume, while pulmonary capillary wedge pressure (PCWP) and pulmonary artery systolic pressure were similar to those in the HFrEF patients. In response to a similar dose of sodium nitroprusside and similar reduction in total arterial load (arterial elastance, Ea), the drop in systemic arterial pressure was 2.6-fold greater in HFpEF, while improvement in stroke volume and cardiac output was ≈60 % lower than in HFrEF, and HFpEF patients were 4 times more likely to experience a reduction in cardiac output with nitroprusside, despite similar reduction in PCWP. The differential hemodynamic response to acute intravenous vasodilator therapy in HFpEF was due to the higher LV end-systolic elastance (stiffness, Ees). These data underscore the fundamental differences in pathophysiology in HFpEF versus HFrEF patients and that, while reduction of elevated systolic blood pressure is beneficial in AHF [33, 34] , the improvements in forward flow with vasodilator therapy well known to occur in HFrEF may not be realized in AHF patients with HFpEF. In the ADHERE and OPTIMIZE-HF registries, HFrEF patients were more likely to receive intravenous vasodilator therapy, as compared with HFpEF patients, underscoring the recognized benefits of vasodilator therapy in HFrEF, where enhanced cardiac output may occur in response to vasodilators even in the absence of hypertension [8, 9] .
Few studies have examined the potential for differential response to vasodilator therapy in the two forms of HF. The large ASCEND trial tested the effect of the vasodilator nesiritide on symptom relief in AHF [35•] . Nesiritide marginally improved symptom relief without effect on renal function or clinical outcomes, and there was no differential response according to EF (<40 % and ≥40 %).
Relaxin is an endogenous peptide that modulates cardiovascular adaptation to pregnancy and is a potent vasodilator that may also have beneficial effects on renal function. The RELAX-AHF trial program tested recombinant human relaxin-2 (serelaxin) in AHF patients with normal or increased (>125 mmHg) systolic blood pressure and included patients with preserved EF (26 % of patients). Overall, relative to placebo, serelaxin improved dyspnea at 5, but not 2, days, had no effects on cardiovascular deaths or HF or renal failure hospitalizations at 180 days, reduced 180-day all-cause mortality, and had significant favorable effects on biomarkers reflective of congestion, renal function, hepatic function, and myocardial necrosis [36, 37] . Of the patients in RELAX-AHF, 45 % had EF >40 %, and data on the effect of treatment compared between HFpEF and HFrEF hopefully will be forthcoming.
Other novel vasodilators are being tested in AHF, including those targeting enhancement of cGMP, the second messenger for the vasoactive nitric oxide and natriuretic peptide systems. In animal in vivo studies and in human myocardial tissue, activation of cGMP targets (protein kinase G) acutely enhances diastolic distensibility independently of load effects, suggesting that cGMP-based vasodilators may have unique therapeutic effects in HFpEF [38, 39] . Enhancement of cGMP can be provided by ligand administration (NO donors or natriuretic peptides; see above), soluble or particulate guanylyl cyclase activators, or inhibition of cGMP degradation by phosphodiesterases. The soluble guanylate cyclase activator cinaciguat was proven vasoactive in AHF patients with HFrEF [40] but has not been tested in HFpEF patients with AHF. In ambulatory HFpEF patients, the phosphodiesterase-5A inhibitor sildenafil did not improve exercise tolerance or clinical status but had a minimal effect on plasma cGMP levels [41•] . Since HFpEF patients have lower natriuretic peptide levels and high levels of oxidative stress that may impair NO production and soluble guanylyl cyclase activity [42] , different strategies may be needed to enhance cGMP in HFpEF. Studies of chronic natriuretic peptide or nitrate administration in HFpEF are ongoing or planned and may provide a means to enhance cGMP in HFpEF.
Myocardial Directed Therapy in HFpEF Patients with AHF
In HFrEF patients with AHF, when hemodynamic and endorgan function is deteriorating despite diuretics and vasodilators, inotropic therapy or mechanical circulatory support are considered. The only inotropic therapy tested in HFpEF was digoxin, where among ambulatory HFpEF patients, digoxin therapy was associated with a trend toward reduction in HF hospitalizations but an increase in acute coronary syndrome hospitalizations [43] . While beta agonists and cAMP targeted phosphodiesterase inhibitors enhance lusitropic as well as inotropic function, they have not been tested in HFpEF. As was noted above, cGMP-enhancing therapies have the potential for direct myocardial effects.
Thus, therapies that acutely and specifically enhance diastolic function in HFpEF are lacking.
Renal Targeted Therapy in AHF Patients with HFpEF
As was recently reviewed, numerous studies have confirmed the association of renal dysfunction with adverse short-and long-term outcomes in AHF, established that this association is equally potent in AHF patients with HFrEF or HFpEF, and provided insight into the complex pathophysiology of renal dysfunction in AHF [44, 45] .
Given the renal vasoconstriction characteristic of AHF, other vasodilators with variable specificity for the renal vasculature have been or are being tested in AHF and include low-dose dopamine and low-dose nesiritide [46] [47] [48] , as well as serelaxin as noted above. Unfortunately, there are few data in regard to differential effects of renal vasodilators in AHF due to HFpEF.
Renal artery stenosis (RAS) is a recognized risk factor for AHF with preserved EF and is common (≈8 %) in patients undergoing cardiac catheterization, with approximately 20 % of patients with RAS having bilateral RAS [49] . ACC guidelines recommend percutaneous revascularization for patients with RAS and recurrent episodes of AHF [50] . A high index of suspicion for RAS should be maintained in patients with HFpEF, particularly those with flash pulmonary edema, and renal artery Duplex scanning or imaging should be considered as specific therapy is available.
Treatment of Coronary Artery Disease in AHF Patients with HFpEF
Guidelines recommend treatment of ischemia in patients with HFpEF when ischemia is thought to contribute to cardiac dysfunction [26] . In the past, ischemia and load-induced systolic dysfunction were thought to contribute to the pathophysiology of AHF patients who present with hypertension and pulmonary edema but are later found to have preserved EF. It was speculated that if evaluated when hypertensive at the time of presentation, EF would be reduced, and wall motion abnormalities or mitral regurgitation might be common in these HFpEF patients. However, Ghandi et al. performed echocardiography during hypertensive pulmonary edema (emergency department) and later in the AHF hospitalization when blood pressure was controlled in a cohort of AHF patients. Most of these patients had normal EF at later assessment and would be considered to have HFpEF. This study found that EF and wall motion scores were similar at presentation and reassessment and that significant MR was uncommon [51••] . Importantly, in cohort study of patients with hypertensive pulmonary edema and coronary disease, revascularization did not reduce the incidence of repeated episodes of flash pulmonary edema [52] .
While coronary artery disease and ischemia should be considered in HFpEF patients with AHF, determining when ischemia is playing a role in the pathophysiology of HFpEF is difficult, particularly in AHF, where troponin is commonly elevated in the absence of coronary artery disease [53] and may exceed thresholds utilized for the diagnosis of ACS in up to 20 % of AHF presentations [54] . Stress testing utilizing imaging may also have reduced specificity, since the EF response may be flat even in the absence of coronary disease [55] .
If ischemia is documented in HFpEF patients, the decision to treat medically or with revascularization will be dictated by a number of factors, including the age and concomitant comorbidities present.
Atrial Fibrillation in AHF Patients with HFpEF
Among AHF patients, AF is more common in patients with HFpEF than in those with HFrEF (Table 1) . In ambulatory HFpEF patients, those with AF are older and have worse systolic and diastolic function, more neurohumoral activation, and worse exercise tolerance [56] . The presence of AF among patients with chronic stable HF is a predictor of subsequent HF hospitalization in HFpEF [57] .
Sleep Disordered Breathing in AHF Patients with HFpEF
HFpEF patients are, on average, more obese than HFrEF patients and have higher blood pressure and a higher prevalence of AF (Table 1) . Sleep disordered breathing (SDB) is more common in obese patients and in patients with HF and predisposes to hypertension and AF. Bitter et al. studied 244 consecutive patients with HFpEF without previous SDB diagnosis and found that 69.3 % had SDB with obstructive sleep apnea in 39.8 % and central sleep apnea in 29.5 % [58] . While continuous positive airway pressure did not improve outcomes in HFrEF [59] , ongoing studies are evaluating adaptive servo ventilation devices in HF. These devices may better control apneic episodes and may impact outcomes in HF. If so, aggressive screening and therapy for SDB in AHF with HFpEF may be warranted.
Conclusion
AHF with preserved EF is characterized by unique clinical characteristics and pathophysiology. There is a dearth of evidence-based guidelines for the specific management of AHF in HFpEF. When appropriate, future AHF trials of agents not specifically targeting systolic dysfunction should include adequate numbers of HFpEF patients to allow determination of potential differential effects in HFpEF.
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